Development of portal hypertension (PHT) is a central prognostic factor in patients with cirrhosis. Circulating microparticles (MPs) are released by hepatocytes in a caspase-dependent manner, are increased in circulation of patients with cirrhosis, and contribute to PHT via induction of impaired vasoconstrictor responses. Here, we tested the hypothesis that emricasan, a pancaspase inhibitor, ameliorates PHT and reduction in release of MPs. We used a short-term and long-term protocol following common bile-duct ligation (BDL) in C57BL/6 mice (10 and 20 days, respectively). Mice were treated daily via intraperitoneal injection with 10 mg/kg/day of emricasan or placebo. Circulating MP levels were analyzed using flow cytometry and function via ex vivo angiogenesis assays. In contrast to BDL-placebo group, nearly all BDL-emricasan-treated mice survived after long-term BDL. Assessment of portal pressure showed a significant increase in BDL-placebo mice compared to sham-placebo mice. In contrast, BDL-emricasan mice had significantly lower levels of portal pressure compared to BDL-placebo mice. Although emricasan treatment resulted in a decrease in fibrosis, the changes did not reach statistical significance, suggesting that the effects on PHT are at least in part independent of the anti-fibrotic effects of the drug. Following short-term BDL, hepatocellular cell death as well as liver fibrosis had improved and circulating MPs were significantly reduced in BDL-emricasan mice compared to BDLplacebo. Circulating MPs from BDL-placebo mice induced endothelial cell activation, and this was significantly reduced in MPs from BDL-emricasan mice. Our results indicate that emricasan treatment improves survival and PHT in a murine model of longterm BDL. Emricasan is a promising agent for the treatment of PHT.
Introduction
The development of portal hypertension (PHT) is a central consequence of advanced liver disease and cirrhosis and a key contributor to the leading complications of cirrhosis Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00109-018-1642-9) contains supplementary material, which is available to authorized users.
including the formation of esophageal and gastric varices responsible for variceal bleeding, associated with a high mortality rate, as well as other severe complications such as portosystemic encephalopathy and sepsis [1, 2] . The mechanisms resulting in PHT in cirrhosis are thought to be mainly a result of increased sinusoidal resistance to flow due to hepatic fibrosis and nodule formation but also due to hemodynamic changes resulting in increased portal inflow. Extracellular vesicles, including exosomes and microparticles (MPs), are a heterogeneous population of small membrane-bound structures released by cells in the extracellular environment as well as in the bloodstream [3] . MPs are effective communicators that are generated by a cell of origin or parenteral cell and can act on a number of target cells in an autocrine or paracrine pathway in the extracellular environment where they are released, as well as in an endocrine manner, acting as long-range signals. Circulating MPs containing cytokeratin-18 and expressing phosphatidylserine on the surface are released by hepatocytes in a caspase-dependent manner [4, 5] and have been shown to be increased in circulation of patients with cirrhosis, and in these patients to impair vasoconstrictor responses and decrease blood pressure [6] , contributing to the arterial vasodilation that may represent an important contributor to the worsening of PHT. Broad-spectrum caspase inhibition via the use of pan-caspase inhibitors is a novel therapeutic approach that has been shown to have anti-inflammatory and anti-fibrotic effects in experimental models and in patients with chronic liver disease [7] [8] [9] [10] . In this study, we investigated the effects of emricasan (IDN-6556), a pan-caspase inhibitor on PHT as well as the potential mechanism involved in these effects by using both short-term (10-days) and long-term (20 days) bileduct ligation (BDL) in mice.
Materials and methods

Animal studies
The use and care of the animals was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at the University of California, San Diego (UCSD).
Secondary biliary cirrhosis was induced by long-term common BDL in C57BL/6 mice (20-25 g of body weight), which were purchased from Harlan Laboratories (CA, USA). Controls were sham-operated, the abdominal cavity opened, but no ligature placed. Mice were treated with 10 mg/kg/day of IDN-6556 or placebo (0.9% saline chloride) for 10 or 20 days via intraperitoneal (i.p.) injection (4 groups, n = 7-16 in each group). First injection was performed right after operation. Only animals that survived 5 days were included in the study because early deaths were attributed to the surgical procedure. After 20 days, portal pressure using catheter from ileocolic vein was measured in each mouse.
Liver and blood sample preparation All mice were sacrificed at the termination of treatment under anesthesia via i.p. injection using a 21G needle and a mixture of 100 mg/kg of ketamine and 10 mg/kg of xylazine dissolved in a 0.9% saline solution with euthanasia carried out by carbon dioxide exposure. Whole mouse blood was collected by cardiac puncture into tubes containing anticoagulant. Liver tissue was fixed in 10% formalin for 24 h and embedded in paraffin, and the remaining liver tissue was quickly frozen in liquid nitrogen and stored at − 80°C. ALT value was measured with Infinity ALT liquid stable reagents (Thermo Fisher Scientific).
Liver histology and immunostaining
Tissue sections were prepared and stained for hematoxylin and eosin. Steatosis and liver fibrosis, cholangiocyte proliferation, liver angiogenesis, or liver cell death were assessed via Sirius Red staining-liver sections were incubated with Fast Green FCF (Thermo Fisher Scientific) and Direct Red (Sigma-Aldrich) in saturated picric acid (Sigma-Aldrich) for 2 h at room temperature, immunohistochemistry using α-SMA (Abcam), CK19 (Developmental Studies Hybridoma Bank), and CD31 (Abcam) antibodies, or terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay (Millipore) according to the manufacture's protocol. All pictures were taken by NanoZoomer 2.0HT Slide Scanning System (Hamamatsu) and quantitated on ImageJ software.
Microparticles
Blood was centrifuged at 1200g for 15 min and 12,000g for 12 min at 22°C to obtain platelet-free plasma (PFP). PFP was incubated with Annexin-V (Life Technologies) according to manufacturer's instruction. MP count was performed using 2.5-μm Alignflow alignment beads (Thermo Fisher Scientific) as the size standards for flow cytometry, BD LSRII Flow Cytometer System (Thermo Fisher Sciences). The data were analyzed using FlowJo software (TreeStar Inc.). MPs were purified via ultracentrifugation at 20,000g for 30 min at 4°C. For internalization, MPs were stained with PKH26 red fluorescent cell linker kit (Sigma) according to manufacturer's protocol and purified via ultracentrifugation to remove free dye. For detection of VEGF in MPs, MPs were lysed with RIPA buffer and resolved by Criterion™ TGX Gel (Bio-Rad). Proteins were transferred to 0.2 μm nitrocellulose membrane (Bio-Rad), and blots were then hybridized overnight using antibody VEGF (Abcam) flowing by secondary antibody. Proteins were visualized by SuperSignal West chemiluminescence substrate (Pierce biotechnology), and band intensity was analyzed using Image Lab (Bio-Rad).
Cell cultures and tube formation
Human umbilical vein endothelial cells (HUVECs) were maintained in EGM-2 growth medium (Lonza) supplemented with several angiogenic and growth factors (SingleQuots, Lonza) according to manufacturer's protocol. Cells were cultured at 37°C in a 5% CO 2 . For tube formation, HUVECs were incubated with growth factor-free medium (EBM-2, Lonza). HUVECs were seeded onto a coated 24-well plate with Matrigel (200 μl/cm2; BD) using the thick gel method and treated with VEGF (50 ng/ml; PeproTech), or MPs in EBM-2 basal medium for 3 h at 37°C. HUVECs were stained via calcein-AM (Thermo Fisher Scientific), and tube formation was investigated by capturing images at × 4 magnification. Tube formation image analysis was assessed with Wimtube software (Wimasis), and the values of total tube length (pixel) were used for statistical and data analysis.
Statistical analyses
All data are expressed as mean ± SEM unless otherwise noted. Data were analyzed using one-way ANOVA or t tests using GraphPad (Graph Pad Software Inc., CA, USA) for comparison of continuous variables. Differences were considered to be significant at p < 0.05.
Results
Emricasan treatment results in improved survival and protects from development of PHT induced by long-term BDL We performed BDL on C57BL/6 mice, followed by an i.p injection with emricasan or placebo (control) daily for 20 days at 10 mg/kg. Only animals that survived more than 5 days after BDL were included in the study because early deaths were attributed to the surgical procedure (Fig. 1a) . At 20 days, the gallbladder was obviously expanded in BDL groups compared to controls (Fig. 1b) . The livers showed macroscopic features of cholestasis in BDL groups compared to control groups (sham-placebo and shamemricasan) while the gross consistency of the livers appeared different between the BDL-emricasan and BDL-placebo mice (Fig. 1b) . The liver/body ratio was significantly increased in those mice subjected to BDL (p < 0.001), but no difference between BDL-placebo mice and BDL-emricasan mice was observed (Fig. 1c) . Notably, nearly all BDL-emricasan mice survived compared to BDL-placebo mice (p < 0.05) over the 20 days period post BDL (Fig. 1d) . The survival rate was 75% in BDL-emricasan group, while it was 36% in BDL-placebo group (Fig. 1d) .
The development of PHT is one of the key triggers of complications resulting in increased mortality associated with cirrhosis. The improvement of BDL mouse survival with emricasan led us to investigate whether portal pressure is decreased in BDL-emricasan group. Before we measured the portal pressure, we observed macroscopically the expansion of the superior mesenteric vein (SMV), which combines with the splenic vein to form the hepatic portal vein. Indeed, SMV was expanded in BDL group compared to control group (Fig. 2a) . SMV expansion was lower in BDL-emricasan mice compared to BDL-placebo mice (Fig. 2a) . Portal pressure determination showed a significant increase in BDL-placebo mice compared to sham-placebo mice (p < 0.001) (Fig. 2b) . In contrast, BDL-emricasan mice had significantly lower levels of portal pressure than BDL-placebo mice (p < 0.05) (Fig. 2b) . Histopathologic examination of livers demonstrated bile ductular proliferation, portal edema, and mild portal infiltrates in BDL-placebo and BDL-emricasan mice (Fig. 2c) . Serum ALT levels were significantly increased in BDLplacebo compared to control-placebo (p < 0.01), while ALT levels were lower in BDL-emricasan mice compared to BDLplacebo mice although ALT levels were still higher in BDL emricasan compared to sham-placebo (p < 0.05) (Fig. 2d) . Although there was a trend toward a decrease in liver damage (fibrosis, cell death, and cholangiocyte proliferation) and in the circulating levels of MPs, these changes were not statistically significant between BDL-placebo and BDL-emricasan groups (supplementary Figs. 1 and 2 ).
Effects of emricasan treatment in short-term BDL
In order to further explore the potential role of liver fibrosis and release of MPs as potential mechanism involved in the protective effects observed with emricasan therapy on PHT after prolonged BDL, we next examined an earlier time point by performing short-term BDL (10 days). The liver/body ratio was significantly increased in BDL groups compared to control groups (p < 0.001), but no difference between BDLplacebo mice and BDL-emricasan mice (Fig. 3a) . Histopathologic examination of livers demonstrated bile ductular proliferation, portal edema, and mild portal infiltrates in BDL-placebo and BDL-emricasan mice, indicating similar ductular responses of the liver to large bile duct obstruction in all groups (Fig. 3b) . While confluent foci of hepatocyte death due to bile acid cytotoxicity, bile infarcts were reduced in BDL-emricasan mice (Fig. 3b) . Liver fibrosis was significantly increased in BDL group compared to control group (p < 0.001); however, the extent of fibrosis was significantly lower in BDL-emricasan compared to BDL-placebo mice (Sirius red staining: p < 0.05) (Fig. 3c-e) . Liver angiogenesis was slightly decreased in BDL-emricasan compared to BDL-placebo mice (supplementary Fig. 3) . Furthermore, cholangiocyte proliferation was significantly decreased in BDL-emricasan mice compared to BDL-placebo mice (p < 0.05) (Fig. 3c, f) . In addition, liver cell death assessed by TUNEL staining showed cell death was significantly improved in BDL-emricasan mice compared to BDL-placebo mice (p < 0.05). (Fig. 3c, g ). Next, we accessed the circulating MPs in blood via flow cytometry (Fig. 3h) . The fold change of total MP number in the blood was significantly decreased in BDL-emricasan mice compared to BDL-placebo mice (p < 0.001) (Fig. 3i) .
Differential functional effects of circulating MPs following BDL on endothelial cell activation
Since we observed a significant reduction of circulating MPs following short-term BDL in the emricasan-treated mice compared to BDL-placebo mice, we further investigated changes in MP effects on endothelial cell activity using HUVEC. We hypothesize that the increase in MPs following BDL might contribute to the development of PHT via modulation of endothelial cell activity. Labeled MPs with PKH26 were internalized by the entire HUVEC, which were stained by DAPI and F-actin, population within 4 h of incubation at 37°C as assessed by both flow cytometry (Fig. 4a ) and fluorescent microscopy (Fig. 4b) . HUVECs were incubated with purified circulating MPs from each group of mice and HUVEC activation was assessed via tube formation assays. HUVECs were activated by circulating MPs from BDL-placebo mice compared to circulating MPs from sham-placebo mice (p < 0.001), and the activity was significantly reduced with circulating MPs from BDL-emricasan mice compared to BDL-placebo mice (p < 0.001) (Fig. 4c, d ). Circulating MPs from BDL- (Fig. 4e) .
Discussion
The main findings of the present study relate to the effects of emricasan, a pan-caspase inhibitor, on PHT and survival after BDL. The results demonstrated that treatment with emricasan reduced PHT and improved survival after longterm BDL, and these effects were associated with decreased liver fibrosis and circulating vasoactive MPs. The result supports a potential role for pan-caspase inhibition in the treatment of PHT.
Caspase activation has been increasingly recognized as a central mediator of cell death during liver injury [11] . Targeting caspase activity has gained significant attention for development of novel therapeutic strategies for patients with various chronic liver diseases in particular those with NASH, a condition that is rapidly becoming a major cause of advanced liver disease [12] [13] [14] [15] [16] . Three independent preclinical studies using different models of dietary induced NASH in mice showed significant protective effects of pan-caspase inhibitors in parameter of fibrosis [8] [9] [10] . In addition to the effects of pan-caspase inhibition on modulation of fibrogenic pathways, it has been recently shown to modulate the generation and release of hemodynamically active MPs [17] . Indeed, MPs are small membrane-bound particles released from dying or activated cells in a process involving caspase 3 and Rho-associated kinase activation [4, 5] . Studies in patients with cirrhosis have demonstrated that MPs are increased in circulation of these patients and impair vasoconstrictor responses contributing to arterial vasodilatation associated with portal hypertension [6] . In the present study, using murine model of portal hypertension, we tested the hypothesis that pan-caspase inhibition could led to a lowering of portal pressure via its anti-fibrotic effects and through inhibition of MP formation and release. Emricasan treatment in mice after short-term BDL resulted in a significant improvement of liver damage, liver fibrosis, and liver cell death, both in the current study and a previous report [7] . Thus, suppression of liver fibrosis is one of the potential mechanisms for reduction of PHT. However, the suppression of liver fibrosis was not significant in mice after long-term BDL, suggesting that other mechanisms might be involved in the reduction of PHT. Recently, we have reported that hepatocyte-derived MPs were increased in circulation and were linked to angiogenesis in a murine NASH model [18] in part by modulating the activation of endothelial cells [19] . Furthermore, our group and other groups demonstrated that EV release was associated with caspase activation including caspase 3 and caspase 8 activations [4, 5, 17, 19, 20] . These results led us to further investigate whether emricasan, pancaspase inhibitor, attenuated MP release resulting in suppression of endothelial cell activity. In long-term (20 days) BDL model, circulating MP number in BDL-emricasan trends toward a decrease compared to BDL-placebo, but overall, the number of circulating MP was only slightly upregulated in BDL group compared to control group. Future studies to better determine the kinetics of MP formation and release during chronic liver injury induced after BDL is warranted, but it is tempting to speculate that following a prolonged period after BDL, there is a decrease in disease activity, cell death, and decreased levels of MP release compared to the earlier stages of disease. As expected, in short-term BDL, circulating MPs were significantly upregulated in BDL group about eightfold compared to controls. Interestingly, MPs from BDL mice significantly activated endothelial cells. Notably, circulating MP number was significantly decreased in BDLemricasan corresponding to significant suppression of liver cell death, resulting in a reduction of endothelial cell activity. These results suggest that the protective effects of emricasan treatment on PHT might be at least in part via modulation of MP-induced endothelial cell activation. Indeed, a recent pilot study in patients with advanced liver disease who were treated with emricasan showed reduced PHT by this treatment [21] . Future studies in additional experimental models as well as in patients with cirrhosis and PHT to further assess the effects of emricasan on MP release and their hemodynamic effects in the context of PHT are warranted.
In summary, the present study showed that in a murine model of long-term common bile-duct ligation, survival and PHT are improved by therapy with emricasan, a pan-caspase inhibitor, and in a murine model of short-term BDL, circulating MPs number, and endothelial cell activity are decreased with emricasan treatment. Emricasan is a promising agent for the treatment of PHT.
